Introduction {#Sec1}
============

Low temperature soldering is one of the key technologies for the production of electronics devices. Recently, several types of new lead-free Sn-based solders have attracted the attention of the electronics industry.\[[@CR1]-[@CR4]\] Eutectic or near eutectic Sn-Zn alloys, which have been recognized as possible solder candidates due to their low melting temperatures and low costs, are among them.

The melting point of the eutectic Sn~85.1~Zn~14.9~ solder is 472 K, which is close to that of the conventional Sn-Pb eutectic alloy (456 K) but lower than those of other Sn-based eutectic alloys that are already used in soldering, i.e. Sn-Cu (500 K), Sn-Ag (494 K) or Sn-Ag-Cu (490 K). While the Sn-Zn eutectic alloy has excellent properties as a low temperature solder, it has also some drawbacks. Damage by heat exposure and corrosion in humidity, inferior wettability, easy oxidation and micro-void formation have been encountered to limit the practical use of this solder.\[[@CR5]\]

It is known that the poor oxidation resistance of the Sn-Zn eutectic alloy is due to zinc oxidation which occurs both in the primary crystallization of (Zn) and the eutectic phase. If the amount of the (Zn) phase in the Sn-Zn eutectic alloy can be reduced or fixed by formation of intermetallic compounds, it is expected that the oxidation resistance can be improved.\[[@CR6]\] Therefore, much research was focused on the addition of alloying elements, such as Cu, Ni, Ag, Sb, or Bi,. Among them, Ni has been considered as a suitable alloying element in lead-free solders due to the formation of stable Ni-Zn binary phases as well as by improving the wettability.\[[@CR7]\] Furthermore, the addition of Ni effectively enhances the formation of additional ternary intermetallic compounds which can improve the mechanical properties.\[[@CR8]\]

The development of lead-free solders requires a clear and thorough understanding of their structural and thermodynamic properties. The increasing influence of computational modelling in all technological processes generates an increased demand for accurate thermodynamic information for the materials systems involved, which are used as fundamental inputs for any model. The solidification process of a liquid alloy has a profound impact on the structure and properties of the solid material. Therefore, knowledge of the basic properties of the molten alloys prior to solidification becomes very important for the development of materials with predetermined characteristics.

In this work the enthalpy of mixing of Sn-based liquid Ni-Sn-Zn alloys was investigated at 873 and 1073 K. The data obtained are useful for modelling of interatomic interactions of the components as well as for a thermodynamic assessment of the Ni-Sn-Zn system. The experimental data were fitted on the basis of an extended Redlich-Kister-Muggianu model\[[@CR9]\] and compared to data calculated according to the Toop extrapolation model.\[[@CR10]\]

Literature Survey {#Sec2}
=================

The Sn-Zn Binary System {#Sec3}
-----------------------

Thermodynamic properties of liquid Sn-Zn alloys have been investigated repeatedly.\[[@CR11]-[@CR20]\] The authors used different methods to determine the enthalpy of mixing: calorimetric investigations were carried out in Ref [@CR11]-[@CR15], the authors of Ref [@CR16]-[@CR19] used the emf method, and quantitative thermal analysis was used in Ref [@CR20]. An endothermic behavior of Δ~Mix~*H* has been revealed over the whole concentration region with a maximum point at about 65 at.% Zn; only Kleppa reported a temperature dependence of the integral enthalpy of mixing.\[[@CR11]\] A critical review of the experimental enthalpy of mixing data was published by Lee.\[[@CR21]\]

The Ni-Sn Binary System {#Sec4}
-----------------------

The enthalpy of mixing of liquid Ni-Sn alloys was investigated experimentally in Ref [@CR22]-[@CR24]. According to Haddad et al.,\[[@CR22]\] the enthalpy of mixing does not depend on temperature between 867 and 1579 K while such a dependence was reported in the temperature range 1660-1775 K by Lück et al.\[[@CR23]\]

A strong temperature dependence of the limiting partial enthalpy of mixing for Ni in Sn was observed by Flandorfer et al.\[[@CR24]\] The authors concluded also a certain temperature dependence of the integral enthalpy of mixing in the liquid state near the liquidus curve. Several thermodynamic assessments including phase diagram calculations, based on experimental data, were carried out in the past.\[[@CR25]-[@CR27]\]

The Ni-Zn Binary System {#Sec5}
-----------------------

Experimental data on the thermodynamic properties of liquid Ni-Zn alloys are scarce in the literature\[[@CR28],[@CR29]\]; all investigations point to an exothermic mixing behavior. The minimum point, shifted to the Zn-reach side from the equiatomic concentration, can be explained by the existence of short-range order in the liquid corresponding to the rather stable γ-phase in the solid state. All thermodynamic optimizations were based on the same experimental data.\[[@CR30]-[@CR33]\]

The Ni-Sn-Zn Ternary System {#Sec6}
---------------------------

No calorimetric data for liquid Ni-Sn-Zn alloys have been reported up to now. However, Gandova et al.\[[@CR36]\] attempted an extrapolation from binary thermodynamic data to obtain Gibbs energy values for ternary liquid alloys, using different geometrical models as well as the CALculation of PHAse Diagrams (CALPHAD) method. Various groups of authors reported partial ternary phase diagrams, especially isothermal sections at different temperatures.\[[@CR34],[@CR35],[@CR37],[@CR41],[@CR42]\]

Experimental Procedure {#Sec7}
======================

A Calvet-type microcalorimeter HTMC-1000 (Setaram, Lyon, France), equipped with an automatic drop device for up to 30 drops, was used for the enthalpy of mixing measurements.\[[@CR38]\] Control and data evaluation was done with Lab View and HiQ. All measurements were performed under Ar flow (approx. 30 cm^3^/min) in graphite crucibles. The microcalorimeter was calibrated at the end of each measurement series by five additions (approx. 40 mg each) of standard α-Al~2~O~3~ supplied by the National Institute of Standards and Technology (NIST, Gaithersburg, MD, USA). The interval between individual drops was 40 min, the acquisition interval of the heat flow was about 0.5 s. Two thermopiles with more than 200 thermocouples of Pt/Pt-10Rh were used for the determination of the sample temperature (*T*~M~) in the furnace and of the corresponding heat effect for each drop. The measured enthalpy ∆*H*~Signal~ (integrated heat flow at constant pressure) is given by$$\documentclass[12pt]{minimal}
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The integral enthalpy of mixing was calculated by summarizing the respective reaction enthalpies and dividing by the total molar amount of substance. The respective binary starting value for each section in the ternary system was calculated from the binary literature data\[[@CR24],[@CR32],[@CR40]\] using the interaction parameters listed in Table [3](#Tab3){ref-type="table"}.

The enthalpy of mixing for ternary liquid Ni-Sn-Zn alloys was determined along two sections at 873 K where pure Ni was dropped into liquid Sn~1−*x*~Zn~*x*~ alloys (*x* = 0.09 and 0.18) as well as along two section at 1073 K where pieces of pure Zn were dropped into liquid Ni~*x*~Sn~1−*x*~ alloys (*x* = 0.10 and 0.15) (Fig. [1](#Fig1){ref-type="fig"}). A lower temperature of 873 K was chosen for sections C and D to avoid excessive Zn losses by evaporation. For sections A and B a higher temperature of 1073 K was chosen in order to cover a larger liquid range.Fig. 1Investigated sections and alloy compositions in the ternary Ni-Sn-Zn system (A and B at 1073 K; C and D at 873 K)

Random errors as well as systematic errors of calorimetry depend on different factors, such as construction of the calorimeter, calibration procedure, signal integration or "chemical errors", e.g. incomplete reactions or impurities. Considering many calibration measurements done by dropping NIST standard sapphire, the standard deviation can be estimated to be less than ±1%. The systematic errors are mainly caused by parasitic heat flows, base line problems at signal integration and dropping and mixing problems. One can estimate that the random error of the measured enthalpy is about ±150 J.

All experimental details, i.e. starting amounts, added amounts and resulting heat effects as well as the obtained enthalpy of mixing values are collected in Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}. Figure [2](#Fig2){ref-type="fig"}, [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}, and [5](#Fig5){ref-type="fig"} show the changes of ∆~Mix~*H* versus concentration.Table 1Partial and integral enthalpies of mixing of Ni-Sn-Zn alloys, 1073 K; standard states: pure liquid metalsDropped moleDrop enthalpyPartial enthalpyIntegral enthalpy(a)*n* ~*i*~, 10^−3^ molΔ*H* ~Signal~, J mol^-1^*x* ~*i*~(b)$\documentclass[12pt]{minimal}
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Results and Discussion {#Sec8}
======================

Experimental Results {#Sec9}
--------------------

According to the phase equilibria at 1073 K,\[[@CR35]\] the experimental temperature for (Ni-Sn) + Zn alloys along the sections A (*x*~Ni~/*x*~Sn~ ≈ 1:9) and B (*x*~Ni~/*x*~Sn~ ≈ 1:6) was high enough to obtain completely liquid alloys over the entire investigated concentration range; see dashed-points line in Fig. [1](#Fig1){ref-type="fig"}. In contrary, the clear kinks in the enthalpy curves for (Sn-Zn) + Ni alloys along the cross sections C (*x*~Sn~/*x*~Zn~ = 9:1) and D (*x*~Sn~/*x*~Zn~ ≈ 4:1) shown in Fig. [4](#Fig4){ref-type="fig"} and [5](#Fig5){ref-type="fig"} indicate formation of a solid phase and denote the liquidus limit at 873 K. The corresponding points are in reasonable agreement with the estimated liquidus line at 873 K given by Yuan et al.\[[@CR37]\] which is shown as a dashed line in Fig. [1](#Fig1){ref-type="fig"}. Accordingly, the values within the italicized values in Table [2](#Tab2){ref-type="table"} are for alloys beyond the liquidus limit.

The obtained enthalpies of mixing are exothermic along all sections, indicating the preferred interactions between unlike kinds of atoms. It should be noted that the enthalpy of mixing data for both (Sn-Zn) + Ni alloys are practically identical in the concentration range after formation of a solid phase. This may be explained by formation of the same phase in both cases.

Ternary Modeling {#Sec10}
----------------

The interaction parameters of the binary systems were taken directly from the literature\[[@CR24],[@CR32],[@CR40]\] and are listed in Table [3](#Tab3){ref-type="table"}. The enthalpy of mixing for the ternary system was treated by a least-squares fit using the following Redlich-Kister-Muggianu polynomial,\[[@CR9]\] which takes into account additional ternary interactions:$$\documentclass[12pt]{minimal}
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^1^L = −24617 − 953\**T*\[[@CR24]\]Ni-Zn^0^L = −50722\
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where *i*, *j*, *k* are equal to 1, 2, 3 for the elements Ni, Sn and Zn respectively; ^*ν*^*L*~*i:j*~ (*ν* = 0, 1, 2,...) are the interaction parameters of the three binary systems; ^*ν*^*M*~*i:j:k*~ (*ν* = 0, 1, 2) are three ternary interaction parameters; *x*~*i*~, *x*~*j*~, *x*~*k*~ are the corresponding mole fractions. The enthalpy of mixing is temperature independent for the two binary systems Ni-Zn and Sn-Zn, and it shows small temperature dependence for the Ni-Sn system. Therefore, any possible temperature dependence of Δ~Mix~*H* in the ternary Ni-Sn-Zn system was neglected in the present evaluation. The parameters ^*ν*^*M*~*i:j:k*~, obtained from the experimental enthalpy of mixing data, represent the additional contribution due to ternary interactions (Table [3](#Tab3){ref-type="table"}). The difference between experimental and calculated enthalpy of mixing data is not more than ±250 J mol^-1^ which is within the limits of the experimental errors. This can be seen from Fig. [2](#Fig2){ref-type="fig"}, [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}, and [5](#Fig5){ref-type="fig"} where full lines refer to calculated values with ternary interaction, dashed lines to those without.

As an alternative, the so-called Toop model\[[@CR10]\] was used to calculate the ternary enthalpy values. This model uses an asymmetric extrapolation to predict ternary thermodynamic quantities based on binary data. The corresponding equation is:$$\documentclass[12pt]{minimal}
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A comparison of the experimental enthalpy of mixing with the calculated data along all investigated cross sections is shown in Fig. [2](#Fig2){ref-type="fig"}, [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}, and [5](#Fig5){ref-type="fig"}. It can be seen that the calculated curves based on the Toop model are in good agreement with our fitting without ternary interaction terms and differ from the experimental data by less than 400 J mol^-1^ except for the section *x*~Ni~/*x*~Sn~ ≈ 1:9 where the deviation is higher. This comparatively small improvement of the fits adding ternary interaction terms, however, is not a proof for the existence of real ternary interaction in the liquid phase. Both, the Muggianu- and the Toop-model for the extrapolation of binary enthalpy data into the ternary are of limiting significance. Thus the ternary terms could also compensate shortcomings of the binary extrapolations models

Finally, an iso-enthalpy plot is presented in Fig. [6](#Fig6){ref-type="fig"}. The values are exothermic in most of the ternary composition range, except close to the binary Sn-Zn system. The minimum values are actually in the binary Ni-Sn system. All data beyond the liquidus limit are considered as enthalpy of mixing of the metastable liquid.Fig. 6Isoenthalpy curves of liquid Ni-Sn-Zn alloys valid for the temperature range 873-1073 K; reference states: pure liquid metals, numbers given in J mol^-1^

Conclusions {#Sec11}
===========

Enthalpies of mixing in the liquid Ni-Sn-Zn system were measured along four sections using a high temperature Calvet microcalorimeter. For two sections *x*~Ni~/*x*~Sn~ ≈ 1:9, *x*~Ni~/*x*~Sn~ ≈ 1:6 were measured at 1073 K, for the other two sections, i.e. *x*~Sn~/*x*~Zn~ ≈ 9:1, *x*~Sn~/*x*~Zn~ ≈ 4:1, experiments were performed at 873 K. A comparison of experimental and calculated enthalpy of mixing values based on Redlich-Kister-Muggianu data fits and on the Toop extrapolation model shows good agreement.

Based on the experimental data three ternary interaction parameters ^*ν*^*M*~*i:j:k*~ were obtained according to the Redlich-Kister-Muggianu polynomial. These data could be used in a standard CALPHAD procedure for the assessment of the equilibrium phase diagram.
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